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Abstract

Single-atom catalysts (SACs) on reducible oxides are generally assumed to consist of isolated
metal atoms located at the surface and directly accessible to reactants. Recent studies on
Pt/Ce0,(111), however, revealed that Pt preferentially occupies subsurface interstitial sites.
Here, we investigate whether this behavior is unique to Pt or represents a more general
phenomenon. Using density functional theory, we systematically compare the stability of surface
and subsurface configurations for transition-metal atoms from Fe to Au on stoichiometric
CeO,(111). Pronounced periodic trends emerge: the tendency toward subsurface incorporation
increases from the 3d to the 5d series and from the Fe group toward the Ni group, with Pt
and Pd exhibiting the strongest preference. Several metals also induce oxygen migration and
surface reconstruction, generating additional stable configurations. Calculated CO vibrational
frequencies provide spectroscopic fingerprints for experimental identification. These results
demonstrate that subsurface incorporation is a general structural motif in SACs on reducible
oxides, challenging the conventional view of surface-bound single-atom catalysts.
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ABSTRACT: Single-atom catalysts (SACs) on reducible oxides are generally assumed to
consist of isolated metal atoms located at the surface and directly accessible to reactants. Recent
studies on Pt/CeO»(111), however, revealed that Pt preferentially occupies subsurface
interstitial sites. Here, we investigate whether this behavior is unique to Pt or represents a more
general phenomenon. Using density functional theory, we systematically compare the stability
of surface and subsurface configurations for transition-metal atoms from Fe to Au on
stoichiometric CeO2(111). Pronounced periodic trends emerge: the tendency toward subsurface
incorporation increases from the 3d to the 5d series and from the Fe group toward the Ni group,
with Pt and Pd exhibiting the strongest preference. Several metals also induce oxygen migration
and surface reconstruction, generating additional stable configurations. Calculated CO
vibrational frequencies provide spectroscopic fingerprints for experimental identification.
These results demonstrate that subsurface incorporation is a general structural motif in SACs

on reducible oxides, challenging the conventional view of surface-bound single-atom catalysts.
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1. Introduction

Single-atom catalysis (SAC) has emerged as a central concept in heterogeneous catalysis,
combining maximal atom efficiency with catalytic properties that are fundamentally distinct
from those of nanoparticles and extended metal surfaces.!® By stabilizing isolated metal atoms
on suitable supports, SAC systems often exhibit exceptional activity, selectivity, and stability

while minimizing the consumption of scarce noble metals such as Pt, Pd, Rh, or Ir. °

Since the pioneering demonstration of CO oxidation on Pt;/FeOx catalysts,' tremendous efforts
have been devoted to identifying support materials capable of stabilizing isolated metal atoms
under realistic reaction conditions. Among the most important classes of supports are reducible
oxides, in particular cerium dioxide (CeO;), whose oxygen-storage capability and facile
Ce*'/Ce*" redox chemistry strongly influences the electronic structure and catalytic properties
of supported metal species. > 1013

For Pt/CeOs systems, isolated Pt atoms have been widely invoked as active sites in reactions
such as CO oxidation, the water—gas shift reaction, and selective hydrogenation.” ' In most
theoretical and experimental studies, these single atoms are assumed to occupy adsorption sites
at the oxide surface, where they remain directly accessible to reactants. However, despite
extensive investigations, the actual geometric and electronic structures of isolated metal species
on ceria remains controversial.'® 23 In particular, the dynamic nature of metal—ceria
interactions, together with the redox flexibility of the support, complicates the identification of
stable atomic configurations under realistic conditions. This situation strongly contrasts with
that of homogeneous catalysis, where transition metal atoms with well-defined ligands are
utilized. Metal-organic frameworks (MOFs) represent the heterogenous counterpart, providing
similarly well-defined coordination environments that enable isolated, homogeneously
dispersed metal sites to be structurally characterized with high precision. 2*2° For isolated metal
atoms deposited on oxide surfaces, however, the geometric structure and local coordination
environment are frequently much less well defined, making their knowledge-based

optimization inherently difficult.

Recently, we reported combined experimental and theoretical evidence revealing that Pt atoms
deposited on CeO>(111) do not predominantly remain as surface adatoms at low coverages;
instead, they preferentially occupy subsurface interstitial positions beneath the outermost oxide
layer, a configuration not previously recognized.?® Using polarization-resolved infrared

reflection—absorption  spectroscopy (IRRAS), grazing-emission X-ray photoelectron



spectroscopy (XPS), and density functional theory (DFT) calculations, we demonstrated that
the experimentally observed blue-shifted CO vibrational band at ~2169 ¢m™ is inconsistent
with conventional surface-bound Pt single atoms. Instead, the data are fully consistent with Pt
atoms incorporated into interstitial sites below the CeO2(111) surface. These subsurface
configurations are thermodynamically favored relative to surface-bound Pt adatoms and remain
inaccessible to direct CO adsorption. The results challenge the prevailing assumption that

isolated metal atoms in SAC systems necessarily reside at the surface.?®

The identification of subsurface interstitial Pt single atoms immediately raises a broader and
highly relevant question: Is such subsurface stabilization unique to platinum, or does it represent
a more general phenomenon for metal atoms on reducible oxide surfaces? Addressing this issue
is essential for understanding the structural motifs that govern SAC stability and catalytic
functionality on ceria. In particular, the balance among lattice strain, oxidation-state
stabilization, metal-oxygen coordination, and redox compensation may depend strongly on the
nature of the deposited metal atom. Systematic theoretical investigations across different
transition metals are therefore required to establish trends governing the competition between
surface adsorption and subsurface incorporation. In addition to determining the location of
metal atoms on oxide surfaces using electronic structure calculations, it is essential to identify
experimental observables that allow their unambiguous characterization. Among the available
approaches, surface-ligand infrared spectroscopy (SLIR) has emerged as a particularly
powerful tool for this purpose.?”-?® By bridging the materials and pressure gaps between model

2-30 and in combination with accurate frequency calculations, 3"

surfaces and powder catalysts,
32 CO-SLIR offers a unique framework for identifying isolated metal species on oxide surfaces

and for distinguishing different coordination environments in metal clusters and nanoparticles.
3337

In the present work, we carry out a systematic DFT investigation of eleven additional transition-
metal atoms ranging from Fe to Au on stoichiometric CeO2(111), with a particular focus on the
competition between conventional surface adsorption sites and subsurface interstitial
configurations. In addition, we calculate the vibrational frequencies of adsorbed CO as an

experimental observable for identifying these species by infrared spectroscopy.



2. Computational Methods

Density functional theory (DFT) calculations have been performed using the Vienna Ab Initio

3 38, 39

Simulation Package (VASP) in version 5.4. using analogous parameters as in previous

work.?® Briefly, all calculations were spin polarized and employed the Bayesian Error
Estimation Functional with van der Waals correlation (BEEF-vdW)* using the projector-
augmented wave method (PAW) with standard PAW potentials.*! A plane wave basis set with
an energy cutoff of 450 eV and a Gaussian smearing with a width of 0.1 eV have been used. In
order to describe the delocalized Ce f orbitals more accurately, we applied the GGA+U
method,*? with U being 5.0 eV as obtained from earlier work.*> Convergence of the SCF cycle
was set at an energy difference of 107 eV, while ionic convergence was achieved when all
atomic forces were below 0.01 eV/A. As the calculated vibration of CO is slightly off the

experimental value, we used a scaling factor of 1.0086 for all CO vibrations.

All calculations used periodic 3x3x3 large ceria slabs with the CeO»(111) surface termination,
that were separated by more than 15 A of vacuum in the z-direction. The bottom row of atoms
was kept in their bulk positions, while the two uppermost layers and all other atoms were
allowed to relax during geometry optimization. The Brillouin zone was sampled using a 2x2x1
Monkhorst-Pack k-point grid.** The single-atom configurations considered in the work are (1)
a transition metal on the surface of CeO>(111), (2) a transition metal on the surface of
CeO2(111) with an oxygen having migrated from the CeO> lattice ontop of the transition metal,
(3) a transition metal being located in the subsurface of CeO2(111) and (4) a transition metal in
the subsurface of CeO>(111) where a CeO; unit has been removed from the top layer. We
investigated all the 11 late transition metals next to Pt, namely Fe, Ru, Os, Co, Rh, Ir, Ni, Pd,
Cu, Ag and Au. CO adsorption and vibrations have been considered on all surfaces. Vibrational
analyses were performed using the harmonic approximation with the finite difference method

employing displacements of 0.01 A.



3. Results and Discussion

Figure 1 presents four DFT-optimized surface and subsurface adsorption configurations of Rh
single atoms on CeO»(111), which serve as representative examples of the adsorption
geometries considered for the 12 transition metals (Fe—Au) examined in this work. All
investigated metals are initially treated in their neutral M? state, analogous to the Pt/CeO2(111)
system investigated previously.?® The calculated binding energies of the 12 single-atom metals

in the different adsorption geometries are summarized in Table 1.

Figure 1. Top and side view of the four different configurations of the transition metals
considered in this study, shown for the case of Rh single atoms at the CeO>(111) surface.
Configurations are a) Rh on the surface of CeO(111) (denoted M/CeO>(111); b) Rh on the
surface of CeO>(111) with an oxygen from the CeO: (blue circle) migrated ontop of the metal
(denoted MO/CeO»(111)y; c) Rh occupying interstitial subsurface sites of CeO(111) (denoted
Mu/CeO2(111) and d) Rh in the subsurface of CeO»(111) where a CeO, unit has been removed
from the top layer (denoted Mguw/CeO2(111)ceo2vac. Color code: orange — Ce*', green — Ce**,
red — O, gray — Rh.

Pronounced periodic trends emerge from the calculations. When considering only the relative
stability of surface and subsurface interstitial geometries, the tendency toward subsurface
interstitial incorporation increases systematically from the 3d to the 5d transition-metal series
and from the Fe group toward the Ni group. Subsurface interstitial configurations are stabilized
for Ir, Ni, Pd and Pt single atoms, whereas Fe, Ru, Os, Co, and the coinage metals Cu, Ag, and

Au favor surface adsorption (see Figure 2a). Figure 2b shows the periodic-table trend in the



stability of surface- and subsurface-bound transition-metal single atoms. At the BEEF-vdW
level of theory, Pt exhibits the strongest preference for subsurface incorporation (—0.54 eV
relative to the surface configuration), followed by Pd (—0.29 eV), whereas Ag strongly disfavors

subsurface occupation (+2.21 eV).

Table 1. Calculated binding energies (eV) of 12 transition-metal single atoms in various surface
and subsurface configurations illustrated in Figure 1, referenced to the CeO»(111) slab, the
corresponding bulk metal, and the CeO> bulk.

- surface subsurface
transition
metal M/CeOx(111) MO/CeOx(111)y Miun/CeO2(111) Miun/CeO2(111)ceo2vac
AEM (eV) AEym (eV) AEM (eV) AEym (eV)
Fe -1.00 -0.35 -0.42 -1.17
Ru 0.40 -0.01 1.05 0.39
Os 0.74 -0.41 1.54 0.61
Co -0.18 0.77 0.40 -0.08
Rh 1.25 1.45 1.29 1.07
Ir 1.92 1.51 1.81 1.34
Ni 0.18 1.84 0.11 0.47
Pd 1.45 2.70 1.16 1.09
Pt 1.76 3.28 1.22 1.33
Cu 0.50 2.31 1.18 0.74
Ag 0.47 2.96 2.69 2.10
Au 1.40 2.48 2.28 1.80

The calculations further reveal that the structural landscape is considerably more complex than
a simple surface-versus-subsurface picture. For several metals, the migration of oxygen atoms
from the ceria lattice toward surface-bound metal atoms is energetically favorable, forming
strongly stabilized M—O species accompanied by oxygen vacancies in the oxide lattice (see
Figure 1b, Table 1). This behavior is particularly pronounced for Ir, where an IrO/CeO2(111)y
configuration is calculated to be more stable than the corresponding subsurface geometry. In
addition, for selected metals such as Pd, Rh, Ir, and Fe, removal of a surface CeO> unit gives
rise to highly stable reconstructed structures involving subsurface metal incorporation. These
findings demonstrate that isolated metal atoms on reducible oxides may adopt a rich variety of
structural motifs governed by a delicate interplay among redox chemistry, lattice relaxation,

and metal-oxygen bond formation.
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Figure 2. a) Calculated relative energies (AE, eV) for 12 transition-metal single atoms at
subsurface interstitial sites in CeO2(111) (Msun/CeO2(111), configuration c in Figure 1), relative
to surface-bound states (M/CeO>(111), configuration a in Figure 1); b) stability trends of
surface- and subsurface-bound transition-metal single atoms mapped onto the periodic table.

Our earlier work suggested that CO can be used as a probe molecule to investigate whether a
transition metal occupies a subsurface interstitial site, where the CO stretching frequency is
blue-shifted relative to the gas-phase CO value, reaching ~2169 cm™ in the case of
Pt/CeO2(111).2% In contrast, CO adsorbed atop a transition metal on the CeOx(111) surface
exhibits a significantly redshifted vibrational frequency.?® We therefore calculated CO
adsorption on both surface and subsurface interstitial transition metal sites, an example for

Rh/CeOx(111) is displayed in Figure 3.



Figure 3. DFT-optimized structures of CO binding to distinct single-atom Rh/CeO>(111) model
catalysts: a) CO—Rh on Rh/CeOx(111), b) 2xCO-Rh on Rh/CeO(111) and ¢) CO-Ce** on
Rhsun/CeO2(111) where interstitial Pt is stabilized in the subsurface of CeO2(111). Color code:

orange — Ce*", green— Ce*", red — O, gray — Rh, brown — C.

As expected, our calculations of CO binding strengths and vibrational frequencies show that
the strongest adsorption occurs when transition-metal single atoms adopt the surface
configuration (M/CeO»(111), Figure 1a). In this case, adsorption energies range from -0.7 to -
2.35 eV (Table 2), with Pt and Au exhibiting the strongest CO binding. In fact, the binding is
often so strong that a second CO can bind to the metal center, as evidenced by two distinct CO

stretching vibrations observed experimentally >4

By contrast, CO adsorption on
Miun/CeO2(111) (configuration ¢ in Figure 1), where transition-metal single atoms are stabilized
at subsurface interstitial sites, is considerably weaker, with adsorption energies of -0.2 to -0.3
eV, corresponding to physisorbed CO dominated by dispersion interactions. Likewise, CO
adsorbed on surface transition-metal sites exhibits red-shifted vibrational frequencies, and we
also calculated the characteristic two-band signatures for adsorption of two CO molecules
(Table 2). In pronounced contrast, CO vibrations associated with subsurface transition metals
are blue-shifted relative to the gas-phase CO frequency, falling within a narrow range of 2165—
2176 cm™! (Table 2). This distinctive spectral feature suggests that CO can serve as a sensitive
probe for identifying subsurface transition-metal configurations. For a systematic comparison,
Tables S1-S4 summarize the calculated adsorption energies and corresponding vibrational

frequencies of various CO species adsorbed on surface Ce*" and Ce’” sites across the four single

atom configurations considered for 12 transition metals on CeO2(111) (see Figure 1).



Table 2. Calculated CO adsorption energies and corresponding vibrational frequencies for the
surface and subsurface configuration of the 12 transition metals at the CeO2(111) surface. CO
vibrational frequencies are scaled using a factor of 1.008.

transition surface subsurface
metal AEco Co 2xCO AEco co
(eV)! vco (cm™) vco (cm™) (eV) vco (cm™)

Fe -0.78 /0.03 2112 2016/1972 -0.27 2165
Ru -1.41/-0.06 2019 2034/1979 -0.28 2167
Os -1.78 /-0.80 1995 2029/1970 -0.32 2169
Co -0.70 /-0.84 2089 2047/2004 -0.28 2170
Rh -1.39/-1.98 1990 2068/2009 -0.30 2165

Ir -2.03/-1.94 2025 2025/2004 -0.58 2176
Ni -0.76 / -0.55 2082 2069/2033 -0.30 2167
Pd -1.81/-0.84 2034 2129/2093 -0.31 2168
pilll 2.22/-1.33 2031 2118/2067 -0.29 2174
Cu -1.58/-0.19 2029 2138/2101 -0.30 2168
Ag -0.89/0.26 2142 2145/2132 -0.30 2170
Au -2.31/0.66 2116 2121/2098 -0.30 2170

[1] taken from ref. %6, [2] differential binding energy of the first and second CO molecule.

4. Conclusions

In summary, our systematic DFT calculations on 12 transition-metals spanning Fe to Au reveal
periodic trends in the thermodynamic stability of transition-metal single atoms on CeO»(111),
with subsurface interstitial species becoming progressively more favorable relative to surface
species from the 3d to the 5d series and from the Fe to the Ni group. Oxygen migration and
surface reconstruction further diversify the accessible energy landscape, giving rise to multiple
low-energy configurations and a structural complexity beyond the conventional picture of
single-atom catalysts. The calculated CO vibrational frequencies provide distinct spectroscopic
fingerprints that enable experimental discrimination between surface- and subsurface-bound
species. Collectively, these findings demonstrate that subsurface interstitial incorporation is not
an isolated peculiarity of Pt but rather a general structural motif for transition-metal single
atoms on reducible oxide supports. Our results challenge the prevailing surface-bound
assumption for single-atom catalysts, with important implications for their characterization,

mechanistic interpretation, and rational design.
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